Introduction
in DNA duplexes, [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] and have proposed a new strategy of ligand-based fluorescence assay for SNP typing. In contrast to typical DNA-binding ligands capable of targeting double stranded DNAs by intercalation or groove binding, 22, 23 it is characteristic of ligands to bind to non-Watson-Crick basepairing sites in DNA duplexes, where the binding is promoted by a pseudo-base pairing along the Watson-Crick edge of intrahelical target nucleobases, and also by stacking with two nucleobases flanking the AP site. Useful affinity and selectivity for target nucleobases opposite the AP site has been indeed obtained by various kinds of heterocyclic planer compounds, including cytosine-selective 2-amino-1,8-naphthyridine derivatives, [10] [11] [12] [13] [14] guanine-selective pterin derivatives, [15] [16] [17] adenineselective 6,7-dimethyllumazine, 18 and thymine-selective 3,5-diaminopyrazine derivatives. [19] [20] [21] All of these ligands show a complexation-induced fluorescence signaling, and genotype of samples can be clearly distinguished by combining ligands with selectivity for respective target nucleobases.
In this review, we present our recent efforts to design AP sitebinding small ligands for SNP genotyping. These include a derivative of 3,5-diaminopyrazines and pteridines for a surface plasmon resonance (SPR) sensor, 24 and a derivative of 2-amino-1,8-naphthyridines for ratiometric fluorescent signaling. 25 The binding and sensing properties of these systems are discussed as a basis for the advanced design of DNA-binding small molecules for gene detection. [31] [32] [33] [34] [35] [36] [37] [38] Significant efforts have been devoted to achieve sufficient selectivity and sensitivity, based on a combination of coupled bio-conjugates, 33 DNA-modified gold nanoparticles [34] [35] [36] and/or surface enzyme reactions. 37, 38 In contrast, we have taken a different approach to the design of SPR biosensors for SNP genotyping, which is based on the use of DNA-binding small molecules immobilized on the sensor surface. Although there are a few reports on this class of SPR biosensors for gene detection, some novel examples have been reported by Nakatani et al. [39] [40] [41] [42] In their approach, small molecules targeting mismatched base pairs in DNA duplexes were utilized as a recognition element, and SPR biosensors detecting G-G, G-A and C-C mismatches in hetroduplexes or trinucleotide repeats were successfully developed.
SPR Sensors
In our approach, we utilized synthetic small molecules that are designed to recognize an orphan nucleobase opposite an abasic (AP) site in DNA duplexes (Fig. 1A) . In our method, a target single-stranded DNA is hybridized with an abasic sitecontaining DNA probe so as to place the abasic site opposite a nucleobase to be sensed, and the immobilized-ligand selectively binds to the orphan (target) nucleobase in the duplex of the target DNA and probe DNA. The binding event on the sensor surface can be clearly monitored through a change in SPR signals, ennabling the detection of a single base mutation. We prepared 3,5-diaminopyrazines having an active amino group for the covalent immobilization onto the sensor surface (Fig. 1B , DAP-S7), and the resulting SPR sensor was capable of detecting the orphan nucleobase in the duplex with a clear selectivity for thymine over cytosine, guanine and adenine. The sensor is therefore applicable to the detection of a thymine-related single base mutation. Allele discrimination is demonstrated for the analysis of thymine/cytosine mutation, for which a cytosineselective sensor carrying a pteridine derivative (Fig. 1B , DMP-S3) is coupled with the thymine-selective sensor.
As demonstrated for the DAP-S7-based sensor, an interesting feature of the present sensor is that response properties can be tuned by controlling salt concentrations of DNA solutions. In solutions containing 0.15 M NaCl, considerable responses are observed for guanine, cytosine and adenine, and the resulting selectivity is thus relatively moderate for thymine. Under higher salt concentrations, however, the selectivity becomes better, which is accompanied by a decrease in the SPR responses. Worthnoting is that the sensor shows a highly selective response to thymine in solutions containing 0.50 M NaCl ( Fig. 2A) , whereas adequate selectivity and sensitivity are obtained in solutions containing 0.25 M NaCl (Fig. 2B) .
At a salt concentration of 0.25 M (Fig. 2B) , selective response to thymine is effectively obtained even for 10 nM of the sample solution (responses for 10 nM of the sample solution at 180 s after an injection of DNA, measured in RU: T, 11 ± 0.6; G, 4.8 ± 0.2; A, 3.8 ± 0.4; C, 3.3 ± 0.1; fully matched duplex, 1.6 ± 0.3, n = 3), and the SPR signal is linear in the concentration range from 10 to 100 nM (Fig. 2B) . The observed sensitivity is almost comparable to that of unamplified imaging SPR based on DNA or RNA hybridization adsorption (detection limit: 10 nM for 18-meric oligos), 32 and it is superior to that of unamplified scanning SPR for DNA detection (detection limit: 150 nM for 143-meric/101-meric duplex). 31 It is also of interest to note that this sensitivity has not been obtained in homogeneous solutions for the 3,5-diaminopyrazines-DNA binding, 19, 20 where an effective fluorescent response was obtained in the concentration range roughly equivalent to the dissociation constant (~μM). The relatively high sensitivity we obtained in the present heterogeneous assay may be assisted by an inherent property of the SPR system to sense a change in surface mass concentration on the sensor chip (1000 RU ≈ 1 ng/mm 2 for most biomolecules), 30 and a binding of higher molecular weight analytes would give a larger response in RU. In addition, it is likely that a characteristic feature of surface binding events in the continuous flow system effectively works here as an apparent increase in the binding affinity of the immobilized 3,5-diaminopyrazines. This effect, one of the so-called mass transport effects, 29 can be seen from the dependence of the sensorgram on surface binding capacity. As shown in Fig. 2C , a box-shaped response to thymine is observed with a sensor chip carrying low amounts of ligand (79 RU), indicating that a rapid interaction is taking place to reach the steady state at any DNA concentration. The resulting titration curve is well explained by 1:1 binding with Kd of 73 ± 12 μM (Fig. 2D, n = 3) . As the amount of ligand is increased, the shape of the sensorgram response changes (cf. Fig. 2A , ligandimmobilized: 2180 RU), where the rate for the interaction seems to be slower due to limited analyte transport from the bulk solution to the sensor surface. Under such mass transport limiting conditions, the binding affinity is apparently increased, and the value of the binding affinity depends on the amount of ligands immobilized on the sensor surface. In the case of 1590 RU of ligand-immobilized (Fig. 2B) , analysis of sensorgram response by curve fitting (software: BIAevaluation with a twostate reaction model) shows that the apparent binding affinity (Kd) for thymine reaches 130 nM. Therefore, sensitive detection becomes possible with a linear response in a lower concentration range (compare Fig. 2B with Fig. 2D) .
In contrast to conventional SPR biosensors based on hybridization adsorption, 31-38 the selectivity and sensitivity of the present sensor originated from surface binding events of immobilized-ligands that could recognize a nucleobase to be sensed, with the help of abasic site-containing DNA probes to provide a binding pocket in the resulting duplexes. This work therefore presented the use of synthetic small molecules as a tool for the design of SPR biosensors for SNP genotyping, and this approach offers considerable design flexibility when used in combination with currently available techniques such as DNAmodified gold nanoparticles to increase response sensitivity.
DNA-binding Small Ligand for Ratiometric
Fluorescent Signaling 25 Ratiometric fluorescent probes have now come to be recognized as a promising tool for biosensing and bioimaging studies. [43] [44] [45] [46] Significant efforts have been devoted to develop this class of probes for a wide range of analytes, including metal ions, 43, 47 inorganic and organic anions, 48, 49 enzyme activities, 50 and nucleic acids. [51] [52] [53] [54] [55] [56] [57] [58] A typical way to produce the ratiometric signal is by using double fluorescent dyes, in which techniques based on fluorescence resonance energy transfer (FRET) are widely used. [44] [45] [46] For example, for the analysis of singlenucleotide polymorphism (SNP) in genomic DNAs, twofluorophore labeled hybridization probes have been developed based on the FRET strategy, [51] [52] [53] [54] where pairs of Alexa 488-Cy5, 51 6-carboxyfluorescein-coumarin, 52 carboxy-x-rhodamine-Cy3, 53 and Cy3-Cy5 54 molecules were utilized. Another major approach to produce the ratiometric signal is based on the formation of excimers, 51, [55] [56] [57] [58] and ratiometric fluorescent detection of SNP has been demonstrated using pyrene- 51, 55, 56 or perylene bisimide 57 -modified hybridization probes, and bispyrene diamines. 58 We have reported on a different way to design ratiometric fluorescent probes for SNP genotyping. In contrast to most approaches based on the interaction between two fluorescent dyes in hybridization probes, [51] [52] [53] [54] [55] [56] [57] [58] we focused on the unique structure of the helical duplex to produce the ratiometric signaling. For this, an environmentally sensitive fluorescent dye to probe hydrophobic grooves of the DNA helix [59] [60] [61] was used, in which the dye is conjugated with a fluorescent ligand to recognize the orphan nucleobase opposite the AP site in the DNA duplex. Herein, a benzofurazan derivative, 4-(N,Ndimethylaminosulfonyl)-1,2,3-benzoxadiazole (DBD), 62 was utilized as the environmentally sensitive fluorescent dye, which is linked through an alkyl spacer to 2-amino-5,6,7-trimethyl-1,8-naphthyridine (ATMND). 12 The resulting conjugate with an ethylene linker, ATMND-DBD (Figs. 3A and 3B) , was used simultaneously with the AP-containing DNA probe as described in the following two steps: (i) a target single-stranded DNA is hybridized with the AP-containing DNA probe to place the AP site opposite a nucleobase to be detected, (ii) the ligand (ATMND moiety) selectively binds to the orphan (target) nucleobase in the duplex through complementary hydrogenbonding, and the DBD moiety becomes located at the surface of the minor groove of the duplex. Indeed, the binding of ATMND-DBD was highly selective to pyrimidine (C, T) over purine (G, A) bases (K11/10 6 M -1 , pH 7.0, I = 0.11 M, T = 20 C: T, 6.7 ± 0.6; C, 2.2 ± 0.6; G, 0.05; A, 0.06), and a clear ratiometric response was obtained based on quenching of the ATMND emission (λem = 420 nm) and enhancing of the DBD emission (λem = 585 nm). The ratio of the two emission intensities (F585/F420) was 0.25 ± 0.01 for the ligand alone (2.0 μM), and increased to 21.2 ± 0.6 at the most in the presence of 2.0 μM DNA samples. Although the sensing ability depends on the flaning bases to some extent, the detection limit (LOD) reaches nanomolar levels (1.4 -32 nM), and the ratiometric response to 500 nM samples can be judged even with the naked eye (Fig. 3C ). Importantly, such useful ratiometric responses cannot be obtained by conjugates having a longer linker between ATMND and the DBD moiety. In the case of the trimethylene linkercontaining conjugate (C3), the response of the DBD moiety becomes smaller as compared to that of ATMND-DBD with an ethylene linker, and the resulting ratiometric response is only moderate even in the presence of 2.0 μM DNA samples (F585/F420: T, 1.3 ± 0.17; C, 0.8 ± 0.01; A, 0.2 ± 0.01; G, 0.2 ± 0.01; DNA free, 0.17 ± 0.01). In the case of the conjugate with the longer tetramethylene linker (C4), the ligand has almost no responses attributable to the DBD moiety. Thus, the longer linker in the conjugates results in the decreased ratiometric fluorescence response. In addition, the binding affinities of these conjugates for thymine are one order of magnitude lower than that of ATMND-DBD (K11/10 6 M -1 : C3, 0.53 ± 0.03; C4, 0.11 ± 0.02). Apparently, the binding and sensing properties strongly depend on the spacer, and the choice of the linker length is crucial for the design of this type of conjugates.
In contrast to conventional approaches based on FRET or excimer formations in hybridization probes, [51] [52] [53] [54] [55] [56] [57] [58] we demonstrated the design of small ligand-based probes using an environmentally sensitive fluorescent dye. The ratiometric signal was indeed effective, and the strategy would be sufficiently flexible for further design of this class of probes to detect all possible mutations. Also, since the naphthyridine (ATMND) moiety can bind to the other non-Watson-Crick base pairing sites in the DNA duplex as demonstrated in our previous work, [63] [64] [65] [66] [67] [68] [69] [70] [71] [72] ATMND-DBD would have a potential for further applications such as gap site binding in a binary fluorometric method, 63, 64 detecting mismatches in trinucleotide repeats, 65 and affinity-labeling in aptamer assays or molecular beacons.
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Conclusions
Our recent studies on the design of AP site-binding small ligands for SNP genotyping was addressed in this review. Although the use of small molecules is not a current major approach for gene detection, we expect the results presented here would offer a rational basis for faster, more effective, and cheaper genotyping. We are now undertaking further studies on the design and synthesis of this class of ligands for gene detection.
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